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ABSTRACT
We study hard X-ray emission of the brightest accreting neutron star Sco X-1 with
INTEGRAL observatory. Up to now INTEGRAL have collected ∼ 4 Msec of deadtime
corrected exposure on this source. We show that hard X-ray tail in time average
spectrum of Sco X-1 has a power law shape without cutoff up to energies ∼ 200− 300
keV. An absence of the high energy cutoff does not agree with the predictions of a
model, in which the tail is formed as a result of Comptonization of soft seed photons
on bulk motion of matter near the compact object. The amplitude of the tail varies
with time with factor more than ten with the faintest tail at the top of the so-called
flaring branch of its color-color diagram. We show that the minimal amplitude of the
power law tail is recorded when the component, corresponding to the innermost part
of optically thick accretion disk, disappears from the emission spectrum. Therefore we
show that the presence of the hard X-ray tail may be related with the existence of
the inner part of the optically thick disk. We estimate cooling time for these energetic
electrons and show that they can not be thermal. We propose that the hard X-ray
tail emission originates as a Compton upscattering of soft seed photons on electrons,
which might have initial non-thermal distribution.
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1 INTRODUCTION
Sco X-1 is the brightest X-ray source on the sky. Its emis-
sion in X-ray energy band is powered by energy released
in accretion of matter onto neutron star in a semi-detached
binary system. Sco X-1 receives a lot of attention because
while studying such a bright source one can try to test theo-
retical models of the accretion flow with maximally possible
precision.
The vast majority of X-ray emission of Sco X-1 (as well
as of other neutron star binaries with high mass accretion
rates) is formed in two parts of the accretion flow – in opti-
cally thick accretion disk (see model of Shakura & Sunyaev
1973) and optically thick layer between the accretion disk
and the neutron star surface (e.g. Mitsuda et al. 1984). Both
these regions have temperatures about few keV and emit
thermal spectra in 1-20 keV energy band.
In addition to these components, already early observa-
tions of Sco X-1 showed that sometimes an additional power-
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law like component is present at energies above 20-40 keV
(Peterson & Jacobson 1966; Agrawal et al. 1971; Haymes et
al. 1972; Duldig et al. 1983), but sometimes - not (Lewin,
Clark, & Smith 1967; Rothschild et al. 1980; Coe et al. 1980;
Maisack et al. 1994). More recent studies of neutron star
binaries at high mass accretion rates confirmed that ampli-
tude of a hard X-ray power law component varies with time
and likely correlates with detailed characteristics of spec-
tral state of the source (Di Salvo et al. 2001; D’Amico et
al. 2001; Di Salvo et al. 2002, 2006; Paizis et al. 2006; D’Aı´
et al. 2007; Sturner & Shrader 2008; Maiolino, D’Amico, &
Braga 2013).
The origin of this tail remains unclear. Among differ-
ent models of formation of this tail one can mention syn-
chrotron emission of energetic electrons (e.g. Riegler 1970),
Comptonizaion of seed photons on electrons of hot thermal
corona, on non-thermal electrons (e.g. Di Salvo et al. 2006),
or on bulk motion of matter near the compact object (e.g.
Paizis et al. 2006; Farinelli et al. 2009). In order to distin-
guish between these models one need to obtain high quality
spectral energy distribution in hard X-rays because of pos-
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sible high energy cutoff, predicted by some models, and to
relate the behaviour of the hard X-ray tail to other compo-
nents of X-ray emission of the source. In the present paper
we will try to do this with the help of data of INTEGRAL
orbital observatory.
At present the best instrument to study the hard X-
ray/soft gamma-ray emission of Sco X-1 is INTEGRAL ob-
servatory (Winkler et al. 2003). This observatory has the
best ever available sensitivity to hard X-ray emission, es-
pecially at energies above 150-200 keV. During more than
10 years of operation this observatory performed more than
2000 separate observing sessions with combined exposure
time (before dead time correction) about 5.7 Msec (includ-
ing 4 Msec of observations, granted to authors of this paper).
Sensitivity of the combined dataset reaches the level ∼ 1
mCrab at energies ∼ 150 keV and ∼ 5 mCrab at energies
200-300 keV.
2 DATA ANALYSIS AND THE SAMPLE
We used all publicly available data of INTEGRAL obser-
vatory (Winkler et al. 2003) on Sco X-1, including those,
granted to authors of this paper (4 Msec of proposal ID
0720011). In total the dataset contains 2032 individual
pointings.
Two main instruments of INTEGRAL observatory:
IBIS (Ubertini et al. 2003; Lebrun et al. 2003) and SPI (Ve-
drenne et al. 2003) cover a broad energy range from ∼ 20
keV to ∼ 10 MeV. We used data of instruments IBIS/ISGRI
and SPI, which provide the best sensitivities at energies 20–
500 keV. X-ray monitor JEM-X of INTEGRAL observatory
has field of view ∼ 4.8◦ much smaller than those of IBIS
and SPI (∼ 9◦ and ∼ 16◦ correspondingly), and therefore
have collected much less exposure on Sco X-1 (observations
of INTEGRAL is composed of a set of individual point-
ings – dithering pattern – which span 10 degrees in both
directions). Therefore in order to extend our energy cover-
age down to 3 keV used used simultaneous observations with
RXTE observatory.
2.1 IBIS/ISGRI data analysis
Total exposure of IBIS/ISGRI observations is ∼ 5.7 Msec
before deadtime correction and ∼ 3.8 Msec after deadtime
correction.
INTEGRAL/IBIS/ISGRI data were processed with the
method described in Revnivtsev et al. (2004); Krivonos et
al. (2007, 2010). The spectral characteristics of the ISGRI
detector changes with time, which leads to variations of the
spectral gain (conversion of instrumental channels to photon
energies) and energy resolution of the instrument (see e.g.
Caballero et al. 2013). In order to put data of all ISGRI ob-
servations into proper energy scale we have performed gain
corrections for all individual observations with the help of
fluorescence line of tungsten at ∼ 59 keV characteristic of
the ISGRI background (Terrier et al. 2003; Tsygankov et al.
2006; Caballero et al. 2013). Therefore, at energies around
60 keV we can estimate an uncertainty of channel-to-energy
conversion to be less then ∼ 0.5 keV, while at lower energies
20-30 keV this uncertainty can increase up to 1− 2 keV, or
∼ 1%. Thus, in all our subsequent analysis we assume that
the accuracy of our values, related with the energy scale is
not better than ∼ 1%.
For all observations we have produced a set of images in
a number of energy intervals. The raw count rate of sources
determined from these images was corrected for two main
effects: offset-angle dependent absorption of X-rays in IBIS
mask support structure and long term variations of the in-
strument characteristics. These effects were measured with
the help of numerous observations of Crab nebula, which we
consider to be a stable source. Correction for absorption in
the IBIS mask support structure was done with the help of
simple axi-symmetric analytic function, fitted to the Crab
nebula observations, performed at different offsets. Time de-
pendent count rate correction was done using Crab nebula
count rates, averaged over 400 days time bins.
The resulting light curves of the Crab nebula, corrected
for these two main effects, nevertheless still have residual
variances exceeding those caused by a Poisson statistics. In
energy band 17-26 keV the residual rms variations have am-
plitude 5.7%, in energy band 26-38 keV 4.2%, in energy band
38-57 keV 4.2%, in energy band 57-86 keV 4.5%. At higher
energies the rms variations of the corrected count rates, mea-
sured in individual pointings (∼ 1 − 2 ksec exposure time)
are already compatible or less than those created by Poisson
statistics. In our study we treat the remaining residuals as
being artificial due to various unaccounted instrumental ef-
fects, while existence of small (at the level of a few percent)
intrinsic variations of the Crab nebula hard X-ray flux is
still possible (see e.g. study of Crab nebula flux variations
in Wilson-Hodge et al. 2011). The limited accuracy of the
inferred Crab nebula flux stability means that our sensitivity
to Sco X-1 spectral variations is limited by these systematic
uncertainties, which we should keep in mind in the subse-
quent analysis. All model fits to INTEGRAL data points
take into account these additional systematic uncertainties
at the level of 4-5%.
2.2 SPI data analysis
In addition to the ISGRI data we utilized data obtained with
the SPI spectrometer onboard INTEGRAL observatory. It
operates in energy range from 20 keV to 8 MeV and comple-
ments the IBIS telescope in studies of hard emission from
compact objects. Coded aperture mask gives to the spec-
trometer imaging capabilities with an angular resolution of
2.5◦(FWHM).
Primary data screening and reduction was done follow-
ing procedures described in Churazov et al. (2005, 2011).
The model used to derive the spectrum consists of a sin-
gle point source (at the position of Sco X-1) and a constant
(two free parameters for each energy channel). For individ-
ual observations the response to a point source is calculated
using Instrument Response Functions (IRFs). This model is
then applied to the background subtracted SPI data and the
best fitting fluxes from the source in narrow energy channels
form the Sco X-1 spectrum.
To reduce an undesirable contribution from the Galac-
tic diffuse emission and other point sources located in the
Galactic Centre region we selected only observations, in
which the center of the SPI field of view was within 10◦
circle around Sco X-1. The total net exposure time of used
SPI observations is about 4.3 Msec.
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Figure 1. Spectrum of Sco X-1 in hard X-rays measured by
INTEGRAL instruments, averaged over all observations. Open
circles denote spectrum, measured by IBIS/ISGRI instrument,
crosses - with SPI.
Inclusion to the sky model additional point sources in
the SPI field of view (1E 1740.7-294, GX 1+4, 4U 1700-377,
MAXI J1659-152) and Galactic diffuse emission does not
affect significantly the resultant spectrum of Sco X-1.
2.3 RXTE/PCA data analysis
In order to extend the energy spectrum of the source down
to 3 keV we have studied spectra of Sco X-1, obtained by
spectrometer PCA of RXTE observatory Bradt, Rothschild,
& Swank (1993) during time periods of INTEGRAL obser-
vations (similar to those in works of Di Salvo et al. 2006;
Sturner & Shrader 2008). All data were analysed with stan-
dard tasks of HEASOFT v6.15.
3 TWO PATTERNS OF FLUX VARIATIONS
The spectrum of Sco X-1, averaged over all analysed ob-
servations is presented in Fig.1. Spectra, measured by two
INTEGRAL instruments are perfectly consistent with each
other.
Long term light curve of Sco X-1 is shown in Fig.2 (the
source fluxes here and below are shown in units of Crab neb-
ula count rate in appropriate energy ranges). It is seen that
the hard X-ray flux of Sco X-1 is strongly variable, at the
level far exceeding instrumental uncertainties (see descrip-
tion of systematic in Sect. 2.1).
Time variability of Sco X-1 fluxes has two branches.
We can see that strong variability of the source flux in 17-
26 keV energy range can be either accompanied by similar
variability at harder X-rays (38-57 keV) or not. The spectac-
ular example of such bi-modality can be seen at data points
closer to the end of our dataset. The close-up to this set of
points is shown in Fig.3.
Figure 2. Light curve of Sco X-1 as measured by IBIS/ISGRI
in units of Crab nebula count rate in the same energy ranges.
X-axis here shows the running number of INTEGRAL pointings.
We present the light curve in such a way because of big gaps
between different sections of observations.
Spectra, illustrating the two branches are shown in
Fig.5.
The spectrum collected in observations, occupying the
lower right corner of the flux-flux diagram (region A in
Fig.4), has virtually no power law tail and can be adequately
fitted with simple thermal component. The best fit analyt-
ical approximation can be done by an exponential cutoff
dN/dE ∝ E0 exp(−E/Ecut) with Ecut = 3.70± 0.03 keV or
blackbody emission with kT = 2.8± 0.05 keV.
The upper right part of the diagram is formed by
spectra, with significant power law tail. Spectrum collected
within this region (region B) is shown by open triangles
in Fig.5. The hard X-ray part of this spectrum (above 60
keV) can be described by a power law with photon index
Γ = 2.6 ± 0.3 without high energy cutoff. The exact value
of the lower limit on the cutoff energy depends on assumed
functional shape of the model. For simple exponential cutoff
the lower limit (2σ) is Ecut > 330 keV. The 50-250 keV flux
in this tail is ∼ 4− 5× 10−10 erg cm−2 s−1.
4 RELATION OF THE TAIL WITH OTHER
SPECTRAL COMPONENTS
It was previously shown (Di Salvo et al. 2001, 2006; D’Aı´ et
al. 2007) that the presence of the tail in spectra of bright
NS binaries is related with position of sources on color-color
diagram (CCD). The maximally luminous tail is observed
on so-called horizontal and normal branches of CCD (see
e.g Hasinger & van der Klis 1989, for description of CCD
phenomenology) and the weakest power law tail - on the
flaring branch.
While physical origin of different branches on CCD of
bright neutron star binaries is not yet understood in details,
several important clues are already obtained.
Spectral decomposition of emission of luminous neutron
star binaries is a complicated issue due to similarity of spec-
tral shapes of two main components: optically thick accre-
c© 2013 RAS, MNRAS 000, 1–??
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Figure 3. Upper panel: light curve of Sco X-1 in energy bands 17-
26 keV and 38-57 keV during some part of observations, selected
around hard X-ray flares. Lower panel: flux-flux diagram of these
lightcurves.
tion disk and a boundary/spreading layer (see e.g. different
decompositions in Di Salvo et al. 2002; D’Aı´ et al. 2007).
In our work we adhere approach of model independent de-
composition, based on properties of variability of luminous
neutron stars, outlined in works of Gilfanov, Revnivtsev, &
Molkov (2003); Revnivtsev & Gilfanov (2006).
In these works it was shown that energy spectra of
bright neutron star binaries (at least in energy band 1-20
keV) may be decomposed into contribution of optically thick
accretion disk with temperatures kT ∼ 1− 1.8 keV and the
neutron star surface with color temperature kT ∼ 2.5− 2.7
keV. The latter has virtually constant spectral shape over
the whole range of luminosities and spectral hardnesses un-
less the source transit into optically thin regime of emission
(Mitsuda et al. 1984; Gilfanov, Revnivtsev, & Molkov 2003;
Revnivtsev & Gilfanov 2006).
Stability of the hotter thermal component spectral
shape can be understood as Eddington limited emission
region B
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Figure 4. Flux-flux diagram of light curves of Sco X-1 in en-
ergy bands 17-26 keV and 38-57 keV, presented for all observa-
tional dataset. Open triangles and circles show fluxes of Sco X-
1, measured during observations, performed simultaneously with
RXTE. Open triangles denote observations in horizontal and nor-
mal branches, open circles - on flaring branch. Dashed line shows
correlation of two fluxes, which corresponds to spectral shape
dN/dE ∝ exp(−E/Ecut) with Ecut = 3.7 keV, appropriate for
emission of the boundary/spreading layer on NS surface. Up-
per and lower dotted lines show correlation Ecut = 4 keV and
Ecut = 3 keV respectively.
of optically thick radiation pressure dominated spread-
ing/boundary layer, where matter settles from rapid rota-
tion in accretion disk to slower rotation of the neutron star
(Inogamov & Sunyaev 1999; Suleimanov & Poutanen 2006)
Variations of hardness (colors) of observed X-ray emis-
sion of bright NS binaries in energy band 2-20 keV occur
due to variations of the accretion disk temperature and its
fractional contribution to the total X-ray emission.
It was shown that at the top part of the flaring branch
the X-ray emission of bright NS binaries consists of almost
solely the neutron star surface/boundary/spreading layer
(Revnivtsev, Suleimanov, & Poutanen 2013). Contribution
of the innermost parts of optically thick accretion disk drops
significantly to almost undetectable levels while the total
source brightness might increase in this state. Origin of such
a decrease of the accretion disk component contribution is
not clear yet and requires further study.
We should emphasize again here that this conclusion
is based on spectral decomposition, which uses information
about the source flux variability. The decompositions based
on spectral modelling only may provide different results (see
e.g. D’Aı´ et al. 2007).
As an illustration of such behavior of Sco X-1 we present
Fig.6. As the accretion disk contribution in energy spectrum
is visible only at energies below 10 keV we can not limit our-
self with data of IBIS and SPI instruments of INTEGRAL
observatory (operating at energies > 20 keV). In order to
reach energies about 3 keV and to maximize the statistics
we used data of simultaneous observations of Sco X-1 with
c© 2013 RAS, MNRAS 000, 1–??
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Figure 5. Spectra of Sco X-1, collected during different time peri-
ods. Open circles denote time averaged source spectrum, open tri-
angles - spectrum collected within sector A of Fig.4, open squares
- spectrum, collected within sector B of Fig.4. Dashed curve shows
simple analytic model dN/dE ∝ exp(−E/3.7keV), representing
emission of the boundary/spreading layer on NS surface. Dot-
ted curve - simple analytical fit (following receipt of Zdziarski et
al. 2001) to Monte Carlo simulation of emission Comptonized by
bulk motion of matter around black holes, Laurent & Titarchuk
(1999). Bottom panel shows data to model ratio of maximally
tail-free spectrum of Sco X-1 (red open squares). It is seen that
up to statistically significant points at 60 keV the data to model
ratio is within our adopted systematic uncertainties of ∼ 4− 5%.
IBIS/INTEGRAL and PCA/RXTE. Requirement of simul-
taneity of INTEGRAL and RXTE observations leaves only
a small fraction of all available datasets.
At Fig.6 we present broad band spectra collected at
the top and the bottom parts of the ”flaring branch”
(128 sec exposure time of RXTE/PCA at energies 3-
20 keV). Both spectra were fitted as a sum of bound-
ary/spreading layer component (we adopted simple ana-
lytic form dN/dE ∝ E0 exp(−E/3.7keV) following Gilfanov,
Revnivtsev, & Molkov 2003; Revnivtsev & Gilfanov 2006;
Revnivtsev, Suleimanov, & Poutanen 2013) and multicolor
disk blackbody component (Shakura & Sunyaev 1973; Mit-
suda et al. 1984). We see that while at the bottom of the
flaring branch the multicolor disk contribution is comparable
(or even larger) than that of the boundary/spreading layer,
on top of the flaring branch this contribution is absent.
Therefore, the difference of the top part of the flar-
ing branch from any other branches of Sco X-1 is the ab-
sence of the spectral component attributed to the inner-
most optically thick accretion disk. Note, that similar (in
terms of spectral component analysis) disruption of the in-
ner disk was previously observed in black hole candidates
GRS 1915+105 (Belloni et al. 1997).
Study of hard X-ray emission of Sco X-1 shows that the
power law hard X-ray tail also disappears at this stage. On
Fig.4 flaring branch observations are denoted by open circle.
From this plot we can make two important conclusions:
• Contribution of hard X-ray power law tail is small at the
top part of the flaring branch (similar conclusion was previ-
ously obtained by Di Salvo et al. 2006; Sturner & Shrader
2008)
• Variations of fluxes in energy bands 17-26 keV and 38-
57 keV on the top of the flaring branch (i.e. without power
law tail) occur with constant spectral shape (the straight
line best fit to the data points within region A on flux-
flux diagram of Fig.4 has a reduced χ2/d.o.f ∼ 1.18, while
within region B it has a value χ2/d.o.f ∼ 3.06 ). This con-
clusion strongly supports our previous findings (Gilfanov,
Revnivtsev, & Molkov 2003; Revnivtsev & Gilfanov 2006;
Revnivtsev, Suleimanov, & Poutanen 2013) that the hot-
ter thermal component, which we ascribe to emission of the
boundary/spreading layer on NS surface, preserve its shape
over all flux variation of bright NS binaries. These hard X-
ray observations are important because at these energies
E > 10kT our sensitivity to variations of the color tem-
perature of the thermal component is exponentially high (at
energies E >> kT even small variations of the color temper-
ature of the emission lead to large variations of the spectral
hardness).
Making use our variability-based spectral decomposi-
tion Gilfanov, Revnivtsev, & Molkov (2003); Revnivtsev &
Gilfanov (2006) basing on abovementioned arguments we
conclude that the hard X-ray power law tail in spectrum
of Sco X-1 may be related with existence of the innermost
part of the optically thick accretion disk and not with hotter
thermal component (boundary/spreading layer emission).
This might reflect difference in energy release mechanisms
in MRI-dominated accretion disk and in the slowly deceler-
ating spreading layer on neutron star surface (Inogamov &
Sunyaev 1999, 2010). It is expected that in the former case
powerful corona should form (see e.g. Miller & Stone 2000;
Schnittman, Krolik, & Noble 2013) , while it might not form
in the latter case.
5 PHYSICAL ORIGIN OF THE TAIL
The vast majority of X-ray emission of Sco X-1 is generated
in optically thick accretion disk and boundary/spreading
layer. Hard X-ray tail, which does not have an exponential
cutoff up to at least 200-300 keV, should be generated within
some optically thin region with energetic electrons and the
tail should not be directly associated with the emission of
NS surface (the tail is not seen during time periods with ex-
clusive contribution of the NS surface/boundary/spreading
layer). In this case it is reasonable to seek for analogies
with the emission mechanisms of accreting stellar mass black
holes.
Studies of emission of accreting black holes showed
that optically thin regions with energetic electrons exist in
two flavours (see e.g. review in Done, Gierlin´ski, & Kubota
2007). First – as optically thin part of the accretion flow in-
side some distance from the compact object, where the opti-
cally thick disk is truncated, the hot electrons in this region
are thermalized and the emitting spectrum can be described
by Comptonization on thermal electrons (Shapiro, Light-
man, & Eardley 1976; Sunyaev & Truemper 1979; Poutanen,
Krolik, & Ryde 1997). Second – as region, where hard X-
ray/soft gamma-ray tail in energy spectra of bright accreting
c© 2013 RAS, MNRAS 000, 1–??
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Figure 6. X-ray spectra of Sco X-1 at two spectral states. Red
crosses show spectrum collected on flaring branch of its CCD evo-
lution, INTEGRAL/IBIS data collected over region A in Fig.4,
at softer X-rays we use RXTE/PCA data at the top of the flar-
ing branch (128 sec spectrum). Black crosses show spectrum at
horizontal branch of Sco X-1, INTEGRAL/IBIS data collected
over region B of Fig.4, at softer X-ray we use RXTE/PCA data
(128 sec) within time interval shown by topmost triangle on Fig.4.
Spectra are scaled vertically to match at energies 15-25 keV. Red
solid curve shows analytic model of boundary/spreading layer on
NS surface (see text), long-dashed curve shows multicolor black
body disk component. It is seen that disappearance of the power
law tail in spectrum is accompanied by disappearance of multi-
color disk component. Bottom panel shows the ratio of the data
points to the simple model, consisting of contribution of the accre-
tion disk and the boundary/spreading layer. The iron fluorescent
emission line at ∼ 6.4 keV, not included in the model, is clearly
seen in the residuals.
black hole systems does not show evidences of thermal cut-
off. The widely accepted interpretation of this emission is a
Compton upscattering of some seed photons on hybrid/non-
thermal electrons (see e.g. Gierlin´ski et al. 1999; Coppi 1999;
Zdziarski et al. 2001).
Among other mechanisms which were proposed for gen-
eration of hard X-ray/soft-gamma-ray tail in emission spec-
tra of accretion disks one can mention Comptonization on
bulk motion of electrons, moving with relativistic speed
close to the black hole horizon (Mastichiadis & Kylafis
1992; Titarchuk, Mastichiadis, & Kylafis 1997; Laurent &
Titarchuk 1999). In some studies similar mechanism was
also considered for accreting neutron stars (see e.g. Paizis
et al. 2006; Farinelli et al. 2009).
The capability of this mechanism to produce the ob-
served hard X-ray tails in spectra of accreting black holes
was discussed in details in Zdziarski et al. (2001). It was
shown that the main contradiction of bulk motion Comp-
tonization models with the data is inevitable rollover of their
predicted energy spectra in hard X-rays. The cutoff energy
in the spectrum depends on the bulk radial velocity of the
matter close to the compact object and can not be higher
than Ecut ∼ mec2/few ∼ 100− 200 keV (see e.g Laurent &
Titarchuk 1999; Zdziarski et al. 2001; Farinelli et al. 2012).
The most sensitive observations of some black hole bina-
ries show a power law tail without noticeable cutoff up to
energies 500-600 keV.
In the case of Sco X-1 we have statistically significant
spectral data points up to ∼ 200 keV. In order to visual-
ize the spectral shape of the bulk Comptonization model
(for the extreme case of accreting black hole from work
of Laurent & Titarchuk 1999) we present dotted curve on
Fig.5. This curve represents analytic approximation (from
Zdziarski et al. 2001) of Monte Carlo simulated bulk motion
Comptonization spectrum. It is clear that even in this case
of assumed accretion onto black hole, in which the bulk mo-
tion velocities of matter are significantly higher than those
in the case of accreting neutron stars, the spectrum has a
cutoff at ∼ 150 keV and this cutoff strongly contradicts the
observed spectral data points.
For pure free fall onto neutron star with radius RNS =
3Rg the maximum radial velocity of the matter corresponds
to β = vr/c < 0.6, which is already smaller than that
near black holes. In the case of accreting neutron stars with
emerging luminosities close to the Eddington limit (e.g. Sco
X-1) the bulk radial velocity of the matter should be even
smaller than that. This should result in even smaller cutoff
energy in the spectrum of the tail (see e.g. numerical models
in Farinelli et al. 2012).
Therefore we can conclude that obtained hard X-ray
spectrum of Sco X-1 does not agree with the predictions of
a model, in which the hard X-ray tail is formed as a result
of Comptonization of some seed photons on bulk motion of
the matter around accreting compact object.
Thermal Comptonization of seed photons in hot (with
temperatures above 100 keV, which might create an ob-
served power law tail up to energies > 200− 300 keV) opti-
cally thin inner part of the accretion flow does not seem to
be probable because huge soft photon flux from neutron star
surface (Lsoft > 10
38 erg s−1) with Compton temperature
around few keV very effectively cools down (via Compton
cooling) any possible hot (& 100 keV) thermal flow.
Compton cooling time for energetic electron can be es-
timated as:
tCompt . piγ−1l−1s
R
c
where ls is the soft emission compactness:
ls =
Lsoft
R
σT
mec3
> 600
Here we adopted that the size the emitting region R
does not exceed few NS radii (because we assume that it is
related with the innermost parts of the accretion flow), i.e.
R . 5× 106 cm. We see that the Compton cooling time for
electrons is significantly less than the light crossing time of
the emitting region.
Thermalization time for electrons in this region de-
pends on processes, which determine the energy exchange.
Coulomb scattering of relativistic electrons of energies
γmec
2 with thermal bath of non relativistic electrons ther-
malize them on time-scale (see e.g. Stepney 1983; Svensson
c© 2013 RAS, MNRAS 000, 1–??
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Figure 7. Broadband energy spectrum of Sco X-1. At energies
below 7 keV crosses show data points, measured with ASCA
observatory (observation Aug.16, 1993), at energies 3-20 keV
gray stripe denotes the rms-range of spectral densities, mea-
sured by RXTE/PCA over around 700 observations, collected
during period 1996-2012. At energies above 20 keV open squares
show time averaged spectrum of Sco X-1, measured with INTE-
GRAL/IBIS/ISGRI. Long dashed curves denote contribution of
an accretion disk (left curve) and a boundary/spreading layer
(right curve) components. Short-dashed curve shows prediction
of a model, in which soft blackbody photons with kT = 1.1 keV
are Comptonized by hybrid/non-thermal plasma (model eqpair,
see text for other parameters). Solid line is a sum of all compo-
nents
1999)
tCoulomb ∼ γ
2
τTh ln Λ
(
R
c
)
that is larger than tCompt in our case of relativistic elec-
trons in optically thin τTh < 1 region. Here ln Λ is the
Coulomb logarithm and τTh – Thomson optical depth of the
region. Exchange of energies between electrons due to syn-
chrotron self-absorption (so-called synchrotron boiler mech-
anism, Ghisellini, Guilbert, & Svensson 1988; Svensson 1999;
Malzac & Belmont 2009) in a region with magnetic compact-
ness lB:
lB =
σT
mec2
R
B2
8pi
gives thermalization time:
tsynch ∼ γ−1l−1B
R
c
, which in our case (ls  lB) is larger than Compton cooling
time scale.
We can conclude that in the absence of some special
collision-less plasma mechanisms of thermalization the opti-
cally thin hot plasma in the innermost accretion flow can not
be uniformly thermal because the electrons do not have time
to thermalize. The hard X-ray photons emerging in the tail
(above 50-60 keV) should be result of Compton upscattering
of soft photons on electrons having their original distribu-
tion. This original distribution can be non thermal (see e.g.
simulation of reconnection events, Zenitani & Hoshino 2001;
Yamada, Kulsrud, & Ji 2010), depending on the physical
mechanism of energy input into electron population.
We can assume that one of the most probable scenario
of generation of hard X-ray tail in spectrum of Sco X-1 is
a non-thermal Comptonization in some corona-like regions
above the accretion disk (see e.g. scenario of Galeev, Ros-
ner, & Vaiana 1979). Such scenario have direct analogy with
accreting black holes in so-called soft state. According to
widely accepted model during this state the accretion to a
black hole occurs via optically thick disk with optically thin
corona above it. Optically thick disk emits blackbody-like
emission, while optically thin corona with energetic elec-
trons upscatters these soft photons to higher energies (see
e.g. Coppi 1999; Gierlin´ski et al. 1999; Done, Gierlin´ski, &
Kubota 2007). This optically thick disk should be very simi-
lar to that around neutron star in Sco X-1, therefore we can
anticipate that somewhat similar corona-like flow above this
disk can also exist in this case.
An example of the spectrum, expected in such hybrid
thermal/non-thermal plasma (model eqpair of Coppi 1999
in XSPEC package, Arnaud 1996) is presented in Fig.7.
For this energy spectrum we assumed that the
hybrid/non-thermal plasma upscatters only photons from
accretion disk and adopted the following parameters: lnth =
0.99 fraction of energy deposited into non-thermal electrons
with the power law slope Γ = 3, soft photons luminos-
ity compactness ls = 600, fraction of the energy, inserted
into hard component with respect to the soft component
lh/ls = 0.6%, temperature of the soft (black body) photons
emission kTbb = 1.1 keV.
We should note here that energetic electrons in this op-
tically thin corona can upscatter not only photons from opti-
cally thick accretion disk, but also photons from the neutron
star surface (boundary/spreading layer). This should result
in modest changes of the shape of the spectral model, shown
in Fig.7, but more quantitative description of this modifica-
tion will depend on not known geometry of the Comptoniz-
ing region and is beyond the scope of the present paper.
6 SUMMARY
We have studied all available data of INTEGRAL obser-
vatory on hard X-ray emission of the brightest accreting
neutron star Sco X-1. In total it sum up to ∼ 6 Msec of
astronomical time and ∼ 4 Msec of deadtime corrected ex-
posure time. Our results can be summarized as follows:
• Time average spectrum of Sco X-1 contains hard X-
ray tail which has a power law shape without cutoff up to
energies ∼ 200− 300 keV.
• This allows us to conclude that obtained hard X-ray
spectrum of Sco X-1 does not agree with the predictions of
a model, in which the hard X-ray tail is formed as a result
of Comptonization of some seed photons on bulk motion of
the matter around accreting compact object
• The amplitude of the tail varies with time with factor
more than ten.
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• We confirm previous findings that amplitude of the hard
X-ray tail in energy spectrum of Sco X-1 correlates with its
position on color-color diagram. The faintest tail is seen at
the top of the so-called flaring branch.
• Our spectral decomposition of the energy spectrum of
Sco X-1 shows an absence (or significant decrease of contri-
bution) of optically thick accretion disk component at the
top part of the flaring branch. Therefore we conclude that
the presence of the hard X-ray tail may be related with the
existence of the inner part of the optically thick disk.
• Assuming that hard X-ray tail is generated above the
innermost part of optically thick accretion disk we estimate
cooling time for energetic electrons and show that they can
not be uniformly thermal. We conclude that the hard X-
ray tail emission originates as a Compton upscattering of
soft seed photons on electrons, which have intrinsically non-
thermal distribution.
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